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Introduction
Superimposition of the data before and after orthodontic treatment is one of the important analysis tools for not only clinical but also scientific research. However, orthodontists have traditionally relied on superimposition of cephalograms, which can offer two-dimensional (2D) information about skeletal and dental changes. Since the main objects of dental changes acquired from 2D-cephalometric superimposition are usually the central incisors and first molars, it has some limitations to obtain knowledge about dental changes in the other teeth between pre-and post-treatment stages. Recent advance in three-dimensional (3D) virtual model analysis can offer more realistic information of arch dimension and orthodontic tooth movement compared to the conventional 2D-cephalometric analysis [1] [2] [3] . Although sophisticated 3D-methodologies have been developed [3] [4] [5] [6] [7] , reliable 3D-evaluation of individual tooth movement in the mandible has been infeasible unlike the maxilla. The reason that there have been limited researches about 3D-superimposition of the mandibular dentition before and after treatment is due to uniqueness in the dentoalveolar anatomy of the mandible such as no existence of apparent reference areas or stable anatomic landmarks for 3D-superimposition of the mandibular models. Although the apical base is considered not to be influenced by orthodontic tooth movement 8) , it cannot be accurately reproduced in mandibular dental cast. Moreover, because the mandible is movable via the temporomandibular joints unlike the maxilla, orthodontic treatment involves not only changes in the mandibular dentition but also skeletal movement. Therefore, it is challenging to accurately estimate the 3D-change of arch dimension and orthodontic tooth movement in the mandibular dentition. Although Heiser et al. 9) investigated the 3D-change in the mandibular arch dimension after orthodontic treatment, evaluation of orthodontic tooth movement in each tooth using superimposition was not performed. Chen et al. 10) investigated 3D tooth movement and arch dimension change in cases with obstructive sleep apnea with an oral appliance treatment with a contact-type 3D-digitizer. However, they have several limitations as follows: First, they superimposed the maxillary and mandibular models using the three occlusal contact points, not the whole 3D-bite information. Second, they did not evaluate the change between pre-and posttreatment. And third, only linear variables were measured. Therefore, the purpose of this study was to analyze the amount and pattern of orthodontic tooth movement and the changes in arch dimension in the mandibular dentition in class I bialveolar protrusion cases treated by first premolar extraction and moderate anchorage using a new 3D indirect superimposition method.
Materials and Methods
The sample consisted of 15 young adult patients with class I malocclusion and bialveolar protrusion (1 male and 14 females; Table 1 ). Since Values are presented as mean±standard deviation. dentoalveolar change by orthodontic treatment can vary according to the pre-treatment condition, strict selection criteria were applied. The inclusion criteria were as follow: Young adult patient with a full permanent dentition; skeletal class I malocclusion, bialveolar protrusion, and normodivergent pattern; less than 4 mm of crowding in each arch, ovoid and symmetric dental arch form; orthodontic treatment with extraction of the maxillary and mandibular first premolars, sliding mechanics without any anchorage enhancement or any usage of intermaxillary elastics; usage of preadjusted appliance (0.022×0.028 inch slot, MBT set-up; 3M-Unitek, Monrovia, CA, USA); and good treatment outcome with class I canine and molar relationships, and normal overbite and overjet. The exclusion criteria were cleft lip and Fig. 1 . Combination of three-dimensional virtual maxillary (3D-VMX) and 3D virtual mandibular (3D-VMN) models according to the 3D-bite information, which were constructed by a 3D-laser scanner and 3Txer program (Orapix). 
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palate or any syndromes, severe facial asymmetry, temporomandibular joint disorder, and more than two dental prostheses. The 3D virtual maxillary and mandibular models at the pre-orthodontic treatment (T0) and postorthodontic treatment (T1) stages were obtained with a 3D laser scanner (Orapix, Seoul, Korea) and 3Txer software (Orapix) (Fig. 1) . The 3D laser scanner built virtual models from dental casts with accuracy of ±0.02 mm/10 mm and resolution of 1,024×768 pixels. Afterward the digital files for virtual models were transported to 3Txer software and transformed into the specific file type for further measurement using Rapidform 2006 (INUS Technology, Seoul, Korea). Since stable anatomic landmarks or areas have not been reported in the dentoalveolar area of the mandible, the 3D-vrtual maxillary model and 3D-bite information were used as references for placement of the 3D virtual mandibular model. 3D-bite was obtained by the 3D-laser scanning of upper and lower models in their maximum intercuspation position as one piece, from which each of upper and lower models was removed to remain digital bite information. The 3D-superimposition procedure for the 3D virtual mandibular models was as follows (Fig. 2) : step 1, the 3D virtual maxillary models of T0 and T1 stages were superimposed by best-fit method using stable reference areas such as the third and fourth palatal rugae in the anterior part of the hard palate and the midpalate between the maxillary first and second molars in the posterior part of the hard palate 3) ; step 2, the 3D-virtual mandibular models of T0 and T1 stages were superimposed with the 3D-virtual maxillary models of T0 and T1 stages using each 3D-bite information from registered wax bite, respectively; step 3, the 3D-virtual maxillary models of T0 and T1 stages were removed; and step There was no significant change in vertical displacement, angulation, and rotation in L2 and L3 between T0 and T1 stages, respectively.
Although mandibular second premolar (L5), mandibular first molar (L6), and mandibular second molar (L7) showed similar amounts of contraction toward the midsagittal plane (medial displacement) (1.1 mm, P<0.01; 1.2 mm, P<0.01; 1.2 mm, P<0.001, respectively), they did not exhibit significant change in vertical displacement, forward displacement, inclination, angulation, and rotation.
During extraction space closure, backward movement of L1, L2, and L3 and forward movement of L5, L6, and L7 occurred approximately 6 : 1 ratio, and distraction of L1, L2, and L3 and contraction of L5, L6, and L7 happened approximately 1 : 3 ratio to maintain the continuity of dental arch. (Table 7) Although the inter-canine width increased (0.8 mm, P<0.05), the inter-second premolar width, inter-first molar width, and inter-second molar width decreased with similar amounts (2.2 mm, P<0.05; 2.3 mm, P<0.01; 2.3 mm, P<0.001, respectively). Although canine depth (CD) remained unchanged due to small amount of anterior crowding at the T0 stage, molar depth (MD) was significantly decreased (6.7 mm, P<0.001) mainly by backward movement of L1, L2, and L3 during retraction process.
Comparison of the Arch Dimension between T0 and T1 Stages

Discussion
Although Shapiro 12) , Shearn and Woods 13) , and
Chen et al. 14) assessed the change in the mandibular arch dimension and the movement of a few teeth using 2D-cephalometric superimposition, individual tooth movement of the whole mandibular dentition using 3D-superimposition has not been reported yet. The finding that the amount of vertical displacement did not show significant changes in every tooth (Table 5 ) seems to be occurred because orthodontic treatment without any anchorage reinforcement or without usage of intermaxillary elastics did not significantly change the vertical dimension and cant of occlusal plane [15] [16] [17] [18] .
According to Cho et al. 3) , most of the maxillary teeth displaced vertically (from 2.9 mm extrusion to 1.0 mm intrusion). These results were consistent with Deguchi et al. 19) , which showed a greater amount of tooth movement in the vertical direction in the maxillary teeth compared to the mandibular teeth.
In terms of the anteroposterior displacement, L1, L2, and L3 showed significant backward movement with similar amounts (6.3 mm, 6.3 mm, and 6.4 mm, Landmarks were digitized twice and all the variables were measured twice with four months interval by one examiner (H.J.O.).
Intra-examiner reliability was obtained by one-way random effects model.
Intraclass correlation coefficients value was significantly different from 0.
all P<0.001; Table 5 ). However, L5, L6, and L7 did not exhibit significant forward movement (0.9 mm, 0.6 mm, and 0.7 mm, all P>0.05; Table 5 ), which was different from Cho et al. 3) which dealt with the maxillary teeth. This difference seemed to be originated by different anchorage values between the maxilla and mandible. Since the mandibular posterior teeth can resist anchorage loss better than the maxillary posterior teeth, the maxillary teeth tend to move faster than those in the mandible when orthodontic force is applied 20) . Deguchi et al. 19) reported that a greater amount of tooth movement in the mesiodistal direction was observed in the maxillary teeth compared to the mandibular teeth. In terms of lateral displacement, all the mandibular teeth showed significant displacement with opposite direction (distraction in L1, L2, and L3; and contraction in L5, L6, and L7; Table 5 ), which was the same results in the maxillary dentition with Cho et al.'s study 3) . This phenomenon seems to be due to change of the dental arch form to restore the continuity between the anterior and posterior teeth which had been separated by extraction of the mandibular first premolars. Values are presented as mean±standard deviation.
Paired t-test was performed.
T0~T1 means the amount of displacement between T0 and T1.
Vertical displacement to the horizontal plane: intrusion (+), extrusion (-).
Anteroposterior displacement to the coronal plane: posterior movement (+), anterior movement (-).
Lateral displacement to the midsagittal plane: contraction movement (+), distraction movement (-). Values are presented as mean±standard deviation.
T0~T1 means the amount of angular change between T0 and T1.
Inclination: labioversion (+), linguoversion (-).
Angulation: distal tipping (+), mesial tipping (-).
Rotation: mesial-in rotation, (+), distal-in rotation (-). Table 5 ). These results were consistent with Deguchi et al.'s study 19) , which a significantly greater amount of tooth movement in the mesiodistal direction was observed in the maxillary teeth compared with the mandibular teeth.
In terms of the inclination change, the anterior teeth (L1, L2, and L3) inclined more lingually as a result of en-masse retraction procedure (11. Table 6 ). However, the posterior teeth (L5, L6, and L7) did not show significant change because they had higher anchorage value and could resist inclination change better than the maxillary second molar 19) . The finding that only L1 showed statistically significant changes in distal-in rotation and mesialtipping (7.1 o and 1.8 o , respectively; Table 6 ) seemed to be occurred due to decrowding procedure in mild crowding (less than 4 mm) concentrated on the L1 area at T0 stage. On the other hand, there was no significant change in rotation and angulation in the other teeth.
Compared to Cho et al.'s study 3) which showed mesial-in rotation of the maxillary posterior teeth (4 o to 5 o ), the mandibular posterior teeth did not show significant change in rotation (Table 6 ). This might be due to difference in root shapes between maxillary and mandibular posterior teeth. The maxillary posterior teeth have a thick and roundshaped palatal root which can be a center of rotation when orthodontic force is applied. On the other hand, the mandibular posterior teeth have two or three roots with mesiodistally wide shape and can resist the rotation by orthodontic force. In addition, the sliding mechanics used for en-masse retraction process might be one of the reasons of no significant angulation change. The advantage of sliding mechanics over loop mechanics is known to be less tipping movement.
In the results of changes in arch dimension, increase in inter-canine width (0.8 mm, P<0.01; Table 7 ) might result from the lateral displacement and decrowding process in L1, L2, and L3. Decrease in inter-second premolar, inter-first molar, intersecond molar widths (2.2 mm, P<0.01; 2.3 mm, P<0.01; 2.3 mm, P<0.001, respectively; Table 7 ) occurred by contraction of L5, L6, and L7 during extraction space closure. The pattern of changes in arch dimension was in accordance with previous studies 12, 13) . Compared to Cho et al.'s study 3) which used the FA points for measuring individual tooth position and the midpoint of incisal edge or the cusp tip of each tooth for measuring the arch dimension variables, this study consistently used the FA points for measuring both arch dimension and individual tooth position. Therefore, the results of this study might give more meaningful data in terms of bracket slot level. However, further studies will be needed to investigate the amount and pattern of tooth movement and the changes in arch dimension in cases with class II or class III malocclusion. Although the 3D indirect superimposition method in this study showed one of the digital ways of superimposition for mandibular models, there were several procedures that had to be done by the operator. This means that errors could be added to a whole procedure by the manual steps. Further development of automatic algorithm for superimposing palatal rugae areas by computer should be followed.
Conclusion
treatment planning in terms of tooth position and arch dimension in the mandibular dentition.
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